Background Photoageing is attributed to continuous sunlight or artificial ultraviolet exposure and manifests as clinical and histological changes in skin. Epigenetic changes have been found to be involved in the pathogenesis of photoageing. However, the underlying mechanisms are unclear. Objectives To analyse histone modification patterns in sun-exposed and nonexposed skin, and to identify the abnormally histone-modified genes related to photoageing. Methods Skin biopsies were collected from both the outer forearm (sun-exposed area) and the buttock (sun-protected area) in 20 healthy middle-aged female volunteers. Global histone H3/H4 acetylation and H3K4/H3K9 methylation statuses were assessed by enzyme-linked immunosorbent assay. Expression levels of histone acetyltransferases and histone deacetylases were measured by reverse-transcriptase quantitative polymerase chain reaction (qPCR) and Western blot. Chromatin immunoprecipitation combined with DNA microarray (ChIP-chip) assay with antiacetyl-histone H3 antibody in a sun-exposed pool (combining six sun-exposed skin samples) and a nonexposed pool (combining six nonexposed skin samples) was conducted to explore the abnormally acetylated histone H3 genes related to photoageing; ChIP-qPCR was then used to verify the results of ChIP-chip. Results We observed higher global histone H3 acetylation levels increased EP300 and decreased HDAC1 and SIRT1 expression in sun-exposed skin compared with matched nonexposed skin. Furthermore, the ChIP-chip assay showed that 227 genes displayed significant hyperacetylation of histone H3, and 81 genes displayed significant hypoacetylation of histone H3 between the two groups. Histone H3 acetylation levels on the promoters of PDCD5, ITIH5, MMP1 and AHR were positively correlated with the mRNA expression of the corresponding gene. Conclusions Chronic sun exposure-induced histone H3 hyperacetylation may play a critical role in the pathogenesis of skin photoageing.
• In total, 227 genes displayed significant histone H3 hyperacetylation and 81 displayed significant histone H3 hypoacetylation in sun-exposed skin.
What is the translational message?
• Histone H3 acetylation is implicated in regulating the expression of key photoageing-related genes in skin.
Ageing in humans is a complicated, progressive process that leads to functional and aesthetic changes in the skin. This process can be triggered by both genetic (intrinsic ageing) and environmental (extrinsic ageing) factors. One of the most influential environmental factors is sun exposure, due mainly to ultraviolet (UV) irradiation, causing photodamage to the skin.
1,2 UV irradiation-induced photoageing arises mainly through the generation of severe oxidative stress in skin cells via interaction of UV with intracellular chromophores and photosensitizers. This results in transient and permanent genetic damage and leads to the activation of cytoplasmic signal transduction pathways, which are related to growth, differentiation, replicative senescence and connective-tissue degradation. 2 Epigenetics is the study of heritable changes in phenotype or gene expression caused by mechanisms other than changes in the underlying DNA sequence. The best known epigenetic modifications are DNA methylation and post-transcriptional histone modifications, including methylation, acetylation, ubiquitination and phosphorylation. 3 Some environmental factors have been linked to aberrant changes in epigenetic pathways in both experimental and epidemiological studies. 4 Key environmental factors such as particulate matter, 5, 6 metals, 7 lipophilic compounds, 8 diet 9 and tobacco smoke 10, 11 have been reported to associate with changes in mitochondrial DNA or genomic DNA methylation. Infections such as with viruses like human papillomavirus, Epstein-Barr virus and hepatitis B virus may alter the expression of host genes via epigenetic mechanisms, including DNA methylation, chromatin modifications and RNA-mediated gene silencing. [12] [13] [14] Based on the analysis of a DNA methylation array in sun-exposed and nonexposed skin samples, it has been suggested that sun exposure produces a significant trend towards hypomethylation.
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SIRT1 encodes sirtuin 1, a nicotinamide adenine dinucleotidedependent protein deacetylase. It plays an important role in p53 deacetylation. Deacetylation of p53 represses apoptosis and increases cell survival. UV radiation can downregulate SIRT1 expression by activation of the reactive oxygen species (ROS)-mediated Janus kinase (JNK) pathway, which in turn promotes p53 acetylation and enhances apoptosis in skin keratinocytes. 16 The UV radiation-induced epigenetic changes play an important role in photoageing. However, the mechanisms have not been elucidated.
In this study, we demonstrated that global histone H3 acetylation was increased in sun-exposed skin compared with nonexposed skin. Upregulated expression of the histone acetyltransferase gene EP300 and downregulated expression of the histone deacetylase genes HDAC1 and SIRT1 may contribute to global histone H3 hyperacetylation in sun-exposed skin. In addition, we used chromatin immunoprecipitation combined with DNA microarray (ChIP-chip) to analyse the histone H3 acetylation pattern in sun-exposed and nonexposed skin. This study reveals the potential molecular mechanisms of the aberrant histone H3 acetylation in skin photoageing, and it may reveal potential target molecules for prediction and treatment of skin photoageing.
Materials and methods

Patients
Skin biopsies were obtained from 20 healthy middle-aged female volunteers who work outdoors (age range 43-57 years, mean 50) by minimally invasive surgery under aseptic conditions with local anaesthesia (lidocaine 0Á5%). Another six healthy young female volunteers (age range 16-20 years, mean 18) acted as controls. All patients were nonsmokers, had no cutaneous pathology and were on no medical treatment. Skin biopsies were taken both from the outer forearm (sun-exposed area) and the buttock (sun-protected area). The epidermis is directly exposed to UV irradiation and may therefore contain particularly pronounced imprints at the epigenetic level, so we further isolated the epidermis for our experiment. The epidermis and the dermis were separated by incubating the skin fragments overnight at 4°C in 0Á2% dispase solution, then peeling off the epidermal sheet with forceps.
Ethics statement
This study was given ethical approval by the Hunan Ethics Committee of the Third Xiangya Hospital of Central South University, and complies with the Declaration of Helsinki principles. Written informed consent was obtained from all study participants. All array data were deposited in the GEO database under the accession number GSE104764.
Total histone extraction and measurement of global histone H3/H4 acetylation and H3K4/H3K9 methylation Total histones were extracted from epidermis samples using the EpiQuik total histone extraction kit (Epigentek, Farmingdale, NY, U.S.A.) according to the manufacturer's protocol. Briefly, skin tissues were homogenized in a Biomasher Ii â closed system disposable microtissue homogenizer (Thomas Scientific, Swedesboro, NJ, U.S.A.) using lysis buffer, then lysed on ice for 30 min with gentle stirring. The supernatant fraction was transferred into a new vial and centrifuged at 4000 g for 5 min at 4°C, and then balance buffer was added immediately. Protein concentrations were quantified by BCA Protein Assay Kit (Thermo Fisher Scientific Inc., Waltham, MA, U.S.A.) and the extracts were aliquoted and stored at À80°C. Global histone H3/H4 acetylation and H3K4/H3K9 methylation status was assessed using EpiQuik global histone H3/H4 acetylation and H3K4/H3K9 methylation quantification kits (Epigentek), according to the manufacturer's protocols. Briefly, 1 lg aliquots of histone proteins were stably spotted onto strip wells. Acetylated H3/H4 and methylated H3K4/ H3K9 were detected with high-affinity antibodies, and the ratios and amounts were quantified using a horseradish peroxidase-conjugated secondary antibody colour development system. Colour was measured by absorbance at 450 nm.
RNA extraction and real-time quantitative reversetranscriptase polymerase chain reaction Total RNA was isolated from epidermis samples using TRIzol Reagent (Invitrogen, Carlsbad, CA, U.S.A.). RNA was reverse transcribed into cDNA using random primer and SuperScript II reverse transcriptase (Invitrogen) according to the manufacturer's instructions. Real-time polymerase chain reaction (PCR) was performed in triplicate using SYBR Green Master Mix (ABI, Weiterstadt, Germany). Beer et al. found that GUSB mRNA was the most stably expressed gene in human primary keratinocytes in response to UV irradiation, 17 and therefore we chose GUSB as an endogenous control for normalization of target gene expression. The primers are listed in Table S1 (see Supporting Information).
Western blot analysis
Epidermis samples were homogenized in a Biomasher Ii â closed system disposable microtissue homogenizer using protein lysis buffer containing proteinase inhibitor (Thermo Fisher Scientific Inc.). Lysates were centrifuged for 15 min at 14 000 g at 4°C, and the protein concentration was determined by Bradford protein assay (Bio-Rad, Hercules, CA, U.S.A.). Proteins were separated by sodium dodecylsulfate (SDS) polyacrylamide gel electrophoresis using 8% polyacrylamide gels. Proteins were then transferred onto polyvinylidene difluoride blotting membranes (Bio-Rad). Membranes were blocked with 5% nonfat dry milk in Tris-buffered saline containing 0Á1% Tween-20 buffer and immunoblotted with the primary antibody at 4°C overnight. Antibodies included anti-P300, anti-HDAC1, anti-SIRT1, anti-acetyl-histone H3 and anti-GUSB; all antibodies were obtained from Abcam (Cambridge, U.K.). Band intensity was quantified using Quantity One software (Bio-Rad).
Cell culture and transfection
HaCaT cells were cultured in Dulbecco's modified Eagle medium (GE Healthcare, Waukesha, WI, U.S.A.) supplemented with 10% fetal bovine serum and 1% penicillin/streptomycin at 37°C in a 5% CO 2 incubator. Cells were transfected with plasmid using Lipofectamine 2000 (Invitrogen) according to the manufacturer's instructions. All recordings were made 48 h after transfection. Expression (pCMV6-P300) and short hairpin (sh) RNA (pRS-HDAC1, pRS-SIRT1) vectors were purchased from OriGene (Rockville, MD, U.S.A.).
Chromatin immunoprecipitation combined with DNA microarray
ChIP analyses were performed according to the instructions provided by the EZ ChIP kit (Merck Millipore, Bedford, MA, U.S.A. proteinase K. Precipitated DNA was further purified by extraction with phenol-chloroform and ethanol precipitation. Purified DNA was amplified using a complete whole-genome amplification kit (Sigma-Aldrich Co., St Louis, MO, U.S.A.). For labelling, the Label IT â Cy3/Cy5 nucleic acid labelling kit was applied (Mirus Bio, Madison, WI, U.S.A.). The Cy3-labelled input DNA and the Cy5-labelled ChIP DNA were used in hybridizations with a human ChIP-chip 3 9 720K RefSeq promoter array (HG18; Roche NimbleGen, Madison, WI, U.S.A.). The array contains 22 542 promoters, and these promoter regions (À3200 bp to +800 bp) are covered by 50-75-mer probes with approximately 100-bp spacing. Signal intensity data were extracted from scanned images using NimbleScan software. For each probe on the array, log2 ratios of the Cy5-labelled ChIP DNA divided by the Cy3-labelled input DNA were calculated. Quantile normalization, peak detection, gene annotation and peak distribution were done using the CARPET tiling analysis software package. 18 When comparing the differentially enriched regions of samples from the two groups [sun-exposed (S) vs. nonexposed (N)], we averaged the log2-ratio values for each group and calculated the Cʹ value for each probe as
We then reran the NimbleScan permutation-based peak-finding algorithm on these data to find the differential enrichment peaks (DEPs), and a multiple testing correction was done to identify peaks (false discovery rate ≤ 0Á05). The DEPs called by the NimbleScan algorithm were filtered according to the following criteria: (i) at least one of the two groups had to have a median (log2 ChIP / Input) ≥ 0Á3 and median Cʹ > 0, and (ii) at least half of the probes in a peak could have had a coefficient of variability ≤ 0Á8 in both groups. After detecting the DEPs based on group comparison information, we mapped the data of the DEPs in gene promoter regions.
Chromatin immunoprecipitation-quantitative polymerase chain reaction
ChIP-PCR was conducted the same way as for ChIP-chip. Purified DNAs, including input DNA and ChIP DNA, were used for quantitative PCR. Real-time PCR was performed in triplicate using SYBR Green Master Mix (ABI Prism 7500; Applied Biosystems, Foster City, CA, U.S.A.). The primers for evaluating ChIPchip data are listed in Table S2 (see Supporting Information).
Statistical analysis
The paired-samples t-test for equality of means was used to compare values. P-values < 0Á05 were considered statistically significant. All analyses were performed with SPSS version 16.0 software (IBM, Armonk, NY, U.S.A.).
Results
Global histone acetylation and methylation in sun-exposed and nonexposed skin
We used an enzyme-linked immunosorbent assay to measure histone acetylation and methylation levels in the outer forearm skin (sun-exposed area) and the buttock skin (nonexposed area) of middle-aged female volunteers, and found that the global histone H3 acetylation level was significantly increased in sun-exposed skin compared with matched nonexposed skin (Fig. 1a) . However, there were no significant differences in H4 acetylation, or H3K4 and H3K9 methylation levels between the two groups ( Fig. 1b-d) . Western blot further confirmed the increased level of H3 acetylation in sun-exposed skin (Fig. 1e, g ).
In order to exclude the possibility of increased H3 acetylation in the forearm due to anatomical difference, we compared the H3 acetylation level between forearm and buttock skin of the young volunteers by Western blot. The results showed that there were no evident differences between them (Fig. 1f, g ). These data suggest that sun exposure could lead to global histone H3 hyperacetylation in skin cells, and the aberrant histone H3 acetylation could be an important factor in promoting photoageing.
Expression of histone modifier genes in sun-exposed and nonexposed skin
The addition and removal of acetyl moieties on histone tails are catalysed by histone acetyltransferases (HATs) and histone deacetylases (HDACs). To address the mechanisms of global histone H3 hyperacetylation in sun-exposed skin of middleaged female volunteers, we measured the mRNA levels of HATs (P300, PCAF) and HDACs (HDAC1, HDAC2, HDAC4, HDAC5, HDAC7, SIRT1). We observed higher expression of EP300 (encoding P300) (Fig. 2a) and lower expression of HDAC1 and SIRT1 (Fig. 2b) in sun-exposed skin compared Global histone H3K4 and H3K9 methylation levels in sun-exposed and matched nonexposed skin of middle-aged female volunteers (n = 20 in each group). (e) Representative Western blot results for H3 acetylation in sun-exposed and matched nonexposed skin of middle-aged female volunteers (n = 20 in each group). Beta-glucuronidase (GUSB) was used for normalization. (f) Representative Western blot results for H3 acetylation in sun-exposed and matched nonexposed skin of young female volunteers (n = 6 in each group). GUSB was used for normalization.
(g) Quantitative analysis of the band intensities for H3 acetylation levels normalized by GUSB. *P < 0Á05; **P < 0Á01.
with matched nonexposed skin. However, there were no obvious differences in the expression of HATs (KAT2B, encoding PCAF) or HDACs (HDAC2, HDAC4, HDAC5 and HDAC7) between the two groups. Western blot confirmed the upregulation of P300 and the downregulation of HDAC1 and SIRT1 in sun-exposed skin (Fig. 2c, d ).
To understand further the importance of P300, SIRT1 and HDAC1 on regulation of histone H3 acetylation, we transfected shRNA for P300 expression (pCMV6-P300), blank vectors -[SIRT1 (pRS-SIRT1) and HDAC1 (pRS-HDAC1)], or scrambled sequence vectors into HaCaT cells. Western blot results showed that upregulation of P300 or downregulation of SIRT1 and HDAC1 expression strongly increased H3 acetylation (Fig. 2e-h ). Together, our results suggest that the increased P300 and reduced HDAC1 and SIRT1 could play a crucial role in global histone H3 hyperacetylation in sunexposed skin.
Analysis of chromatin immunoprecipitation combined with DNA microaray results from sun-exposed and nonexposed skin
The ChIP-chip analysis for skin samples was carried out in two pools of samples, the 'sun-exposed pool' (combining six sun-exposed skin samples) and the 'nonexposed pool' (combining six nonexposed skin samples), due to the large amount of tissue required for the experiment. We found that 227 genes displayed significant histone H3 hyperacetylation, and 81 genes displayed significant histone H3 hypoacetylation in sun-exposed skin compared with nonexposed skin (partial results are shown in Tables S3 and S4 ; see Supporting Information). Gene ontology classifications and functional cluster analysis of genes with DEP were also conducted, for both H3 hyperacetylation and hypoacetylation genes (Tables S5 and S6 ; see Supporting Information). In total 105 hyperacetylated and 42 hypoacetylated genes were not clustered.
Validation for chromatin immunoprecipitation combined with DNA microaray data
Four genes were selected to validate the results of the microarray: the programmed cell death 5 gene (PDCD5), the interalpha-trypsin inhibitor heavy chain family member 5 gene (ITIH5), the matrix metalloprotease-1 gene (MMP1) and the aryl hydrocarbon receptor gene (AHR) exhibited a high ratio of histone H3 hyperacetylation in sun-exposed skin (Table S3) . These results were verified by ChIP-qPCR in 10 sun-exposed and matched nonexposed skin samples. As shown in Figure 3a , ChIP-qPCR results for these selected candidate genes were consistent with the ChIP-chip data.
To determine whether the increased histone H3 acetylation caused PDCD5, ITIH5, MMP1 and AHR overexpression, we assessed the mRNA levels of these genes in samples used for ChIP-qPCR. The primers for qPCR are listed in Table S1 . The mRNA levels of PDCD5, ITIH5, MMP1 and AHR were significantly upregulated in sun-exposed skin compared with nonexposed skin (Fig. 3b) . Correlation analyses showed that histone H3 acetylation at these genes' promoters was positively correlated with the mRNA expression of the corresponding gene (Fig. 3c-f) . histone deacetylase (HDAC) mRNA levels in sun-exposed and matched nonexposed skin (n = 20 in each group). The results represent the mean AE SD expression levels normalized to GUSB. (c) Representative Western blot results for P300, HDAC1 and sirtuin 1 (SIRT1) in sun-exposed and matched nonexposed skin (n = 20 in each group). Beta-glucuronidase (GUSB) was used for normalization. (d) Quantitative analysis of the band intensities for P300, HDAC1 and SIRT1 protein levels normalized to GUSB. (e-h) Representative Western blot results and quantitative analysis of the band intensities for upregulation of P300 (pCMV6-P300) or downregulation of SIRT1 (pRS-SIRT1) and HDAC1 (pRS-HDAC1) expression. *P < 0Á05; **P < 0Á01.
Discussion
In recent studies, epigenetic mechanisms in photoageing induced by sun exposure have gradually become a hot topic. Gr€ onniger et al. used Illumina Infinium arrays to determine the methylation status of 27 578 CpG dinucleotides in the human genome. They found 14 CpG dinucleotides (0Á05%) were hypomethylated by more than 0Á2-fold (D beta) in sunexposed compared with sun-protected skin, but no CpG sites were hypermethylated by more than 0Á2-fold. 15 Da Silva Melo et al. investigated the sun-exposure influence on the DNA methylation profile of ageing-related genes in skin cells, including matrix metalloprotease-9 (MMP9), microRNA 137 (MIR137), cytokeratin 14 (KRT14) and cytokeratin 19 (KRT19). 19 They found that sun exposure did not induce changes in the DNA methylation status in these four genes. These findings indicate that DNA methylation is not the primary epigenetic mechanism driving skin photoageing. Thus, our research focused on another important epigenetic mechanism: histone modification. Analysis of global histone modifications indicated that histone H3 acetylation was significantly increased in sun-exposed skin compared with nonexposed skin. Furthermore, we confirmed that the increased P300 and the reduced HDAC1 and SIRT1 were the primary causes of H3 hyperacetylation in sunexposed skin. Our results are consistent with previous reports using in vitro cell experiments. Kim et al. have reported that UV irradiation increased the acetylation of histone H3 by decreasing HDAC enzymatic activity and increasing HAT activity in cultured human dermal fibroblasts. Furthermore, knockdown of P300 by small interfering RNA inhibited UV-induced acetylation of histone H3. 20 Cao et al. found that UV radiation can downregulate SIRT1 gene by activation of the ROS-mediated JNK pathway in skin keratinocytes. 16 These data suggest that UV irradiation-induced histone H3 hyperacetylation may be an important epigenetic mechanism in sun-exposure-induced skin photoageing. Acetylation removes the positive charge on the histone H3, thereby decreasing the interaction of the N-terminal of H3 with the negatively charged phosphate groups of DNA. Therefore, the condensed chromatin is transformed into a more relaxed structure, which is associated with greater levels of gene transcription. [21] [22] [23] Hence, histone H3 hyperacetylation in sun-exposed skin will lead to increased expression of genes related to photoageing. In order to explore these genes, we performed a ChIP-chip assay with anti-acetyl-histone H3 antibody in sun-exposed and nonexposed skin. Our data showed that the number of hyperacetylated genes was three times larger than that of hypoacetylated genes, which was consistent with the result of global histone H3 acetylation. Furthermore, cluster analysis results of the ChIP-chip data showed that the genes identified as hyperacetylated belonged to several different ontological domains, such as collagen catabolic processes and regulation of small GTPase-mediated signal transduction, which are critical factors in skin photoageing. 2, 24, 25 Degradation of collagens is the main aetiology of skin photoageing, and various MMPs are involved in the process. MMP-1 initiates cleavage of fibrillar collagen, and, once cleaved, collagen fibre can be further degraded by MMP-3 and MMP-9. AHR, a ligand-dependent transcription factor, and endogenous ligands are formed in situ from tryptophan via UV radiation. Studies have shown that AHR is involved in skin pathophysiology, including the regulation of skin pigmentation, photocarcinogenesis and skin inflammation. 31 Recent evidence has shown that AHR signalling can induce MMP-1 expression, which contributes to collagen degradation. 32 In this study, our data showed that promoter regions of MMPs (including MMP1, MMP3 and MMP9), AHR and some components of the small GTPase-mediated signal pathway (including CDC42, RASAL2, TIAM2, ARFGEF3, RAC1, PSD3, TBC1D5, DGKZ and FGD4) showed significant histone H3 hyperacetylation in sun-exposed skin compared with nonexposed skin. These results indicate that histone H3 hyperacetylation of these genes could result in excessive degradation of collagen, and further participate in UV irradiation-induced photoageing. PDCD5 regulates the translocation of Bax from the cytosol to the mitochondria, causing cytochrome c release and an increase of caspase 3 activity, which are early events in the onset of apoptosis. 33 Also, in response to UV-induced DNA damage, PDCD5 is translocated to the nucleus, where it interacts with KAT5; the PDCD5-KAT5 interaction can accelerate DNA damageinduced apoptosis. 34 ITIH5 represents the major ITIH family member expressed in human skin, and it is produced predominantly by dermal fibroblasts. ITIH5 is believed to contribute to the stability of the extracellular matrix due to covalent linkage to hyaluronan. Moreover, during many inflammatory events, the ITIH-hyaluronan complex significantly promotes the adhesion of leucocytes. 35, 36 Recent studies have revealed that ITIH5 expression is significantly upregulated in inflammatory skin diseases. 37 In this study, we found that the PDCD5 and ITIH5 promoter regions were significantly hyperacetylated at histone H3 in sun-exposed skin. This is an indication that PDCD5 and ITIH5 may be involved in the pathogenesis of UV irradiation-induced photoageing. In summary, chronic sun exposure could lead to changes in epigenetic modifications, especially histone H3 acetylation, of many genes in skin cells. The upregulated histone H3 acetylation may play a critical role in UV irradiation-induced skin photoageing.
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